The Cu -O bond lengths in the pseudooctahedral bis(methoxyacetato)diaquo-copper(II) com plex are determined by the Jahn-Teller effect on the one hand and by the bonding properties of the three different oxygen ligator atoms (from a carboxylate. water and ether group) on the other. It is derived from E PR single crystal and powder investigations between 4.2 and 350 K, that the system becomes fluxional above -120 K due to a continuous transition from a static to a (par tially) dynamic Jahn-Teller distortion. A model is presented, which allows to correlate the EPR results with the C u -O spacings, if they are calibrated with structural data at two different temperatures. The structure of the ground state potential surface of Cu2+ is derived from the spectroscopic data.
Introduction
The bis(methoxyacetato)diaquo-Cu(II) complex represents an interesting example for a transition from a static to a (partially) dynamic Jahn-Teller dis tortion, which extends over a wide temperature range. The geometry of the pseudo-octahedral com plex is determined by the presence of three differ ently bonded O-ligator atoms on the one hand and by the Jahn-Teller effect on the other. While the geometry of the corresponding Ni2~ complex [1] with a Jahn-Teller stable non-degenerate 'A2g ground state (octahedral notation) reflects solely the geometric ligand effect (Fig. 1) , the low-temperature Fig. 1 . Geometry of the NinOf, octahedra in the diaquobis-(methoxyacetato) salt (adopted from [1] ).
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Verlag der Zeitschrift für Naturforschung. D-7400 Tübingen 0932-0776/87/1200-1500/$ 01.00/0 structure of the Cu-" entity (T< 130 K) [2] is addi tionally subject to a static Jahn-Teller distortion (Table I ). The different oxygen ligator atoms induce three different bond lengths to the Ni:+ ion, from which the one to the methoxy ligand (a3) is signifi cantly shorter than those to the carboxylate (a^ and water ligands (a4). Having this in mind, it is surpris ing at the first sight, that the axis of elongation in the Cu2+ complex is along the shortest spacing a3 (Table I) . The structural result is in accord with the spectrochemical series, however, which indicates that the etherlike oxygen is the weakest and the carb oxylate ligand the strongest ligand. Apparently a di rect correlation between bond distance and bond strength, which is not expected to be valid if the ligator atoms are different, does not exist even in case of ligands with identical ligator atoms. We will hence adopt a model, which describes the ligand or host site effect as an orthorhombic strain due to very small differences in bond-strength, following the sequence M -0 (3 ) > M -0 (4 ) > M -O ( l) [3] , In Table I reported [2, 4] structural data for the Cu:+ Table I . Bond lengths [Ä] within the M nOf, polyhedra of the diaquobis(methoxyacetato) salts at various tempera tures (see Fig. 1 ). [2] complex are listed, which demonstrate the bond length variations with respect to the Ni:~ complex and temperature. They indicate the geometrical changes of the host polyhedron by static and dy namic Jahn-Teller effects, which are also reflected in the single crystal and powder EPR spectra be tween 4.2 and 350 K, presented below. The intention of the following investigation is to correlate the temperature dependence of the g-values with corresponding variations of the Cu -O bond lengths, which are induced by the afore-mentioned thermal averaging processes.
Experimental
Single crystals of the title compound were kindly provided by Prof. B. Hathaway (preparation: see [5] ).
The EPR single-crystal and powder measurements between 4.2 and 350 K were performed with a Varian E 15 spectrometer at X-and Q-band frequencies. DPPH was used as internal standard.
Model of interpretation
Because the problem is rather complex, we prefer a deductive way of interpretation; we hence describe the model first and then demonstrate that the model is consistent with all available spectroscopic and structural results. A cross section of the lower poten tial surface, which results from the vibronic coupling between the 2E g ground state of Cu2+ in octahedral coordination and the vibrational £g mode, is shown in Fig. 2a . The radial parameter g describes the extent of the distortion, and the angular parameter cp the (D4h or D2h) symmetry of the polyhedron (see eq.
(2)). The geometry of the Cu:+ polyhedra in the flat minima at cp -0°, 120°, 240° is a tetragonal elonga tion along either one of the three C4 axes, which is always observed in the absence of cooperative and steric ligand effects or effects induced by the pres ence of different or differently bonded ligands (as in the case under discussion) [6] . If one or several of the mentioned effects are operative, the potential sur face is distorted, and the energy, minimized with re spect to g, is given by [6] [7] [8] :
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4 E jT is the energy splitting of the :E g ground state by the linear Jahn-Teller coupling. 2ß is the energy dif ference between the minima and the saddle points at cp = 60°, 180° and 300° in the warped lower potential surface, induced by the non-linear vibronic interac tion (Fig. 2a) . The third term in eq. (Table I) 
EPR results and discussion

A. The observed exchange-coupled g-values and the calculation of the molecular g-tensor
The 293 K EPR study (X-band) of Hathaway et al. [5] describes the difficulty to orientate the blue needle-shaped single crystals of Diaquobis-(methoxyacetato)-Cu(II) in the magnetic field. The needle axis corresponds to the crystallographic «-direction, while the b-and c-axes are not reproduced in the morphology of most crystals. We succeeded in find ing a specimen with a face perpendicular to c, how ever (Fig. 3) . The angular dependence of the g-tensor (Q-band) of this crystal at 120 K in the ac-, b*cand afr*-planes is shown in Fig. 4b . Only one EPR signal is observed, which is obviously exchange-nar rowed, because the unit cell (space group P2]/«; Z = 2) [1, 4] contains two magnetically inequivalent C u 0 6 entities. The largest g3x and smallest gjx components are located in the ab plane with angles of 55° and 35° with respect to the a direction, respectively, while gix is collinear with the unique c-axis of the unit cell. Fig. 4a , c show the angular dependence of the gcxtensor at 77 and 293 K, but the crystal was rotated around the a, x and y axes of Fig. 3 in these cases. In the 293 K experiment two signals were observed at certain angles, which corresponded to the two differ ently oriented molecular (g) tensors [9] . In the dia gram the average over the two components is listed. The molecular (g)-values also appear beside the (gex) -components in the powder-EPR spectra above 250 K (Fig. 5) . Their intensity becomes larger with increasing temperature. Apparently the exchange in tegral is small enough to partly destroy the exchange coupling at higher temperatures. The distance be tween the two Cu2+-centres in the unit cell (7.1 A) is indeed close to the limit, where exchange coupling may occur. Our single crystal X-band measurements at 293 K similarly gave indications for the presence of two signals in certain directions. The strongly asymmetric signals could not be resolved into their two components in this case, however. While the molecular (gr) and (gv) values deviate from (gfx) and <gf> (<g,> + <gv> = ( g f ) + <g:x)), the <g_,) component coincides with ( g f ) [9] , Usually the molecular g-values in a polyhedron with ortho-rhombic symmetry follow closely the bond directions. Thus we may assume, that (gv) and (gv) are oriented along the Cu -0(4) and Cu -0(1) spacings, which form an angle of nearly 90° with each other. Because the bond angle between C u-0(3) and C u-0(1) is about 80° as a consequence of the rigidity of the bidentate methoxyacetato-ligand, (gz) would rather have the direction of the normal to the plane of the C u-0(4) and C u-0(1) bonds. The thus defined normals for the two Cu2+-polyhedra in the unit cell are inclined to the a£>-plane and hence to the ( g f ) direction by ±2.2° at 298 K [4] . As antici pated, (g f ) is identical with (gz) within the experi mental error limit of ±0.003 for the g-values, be cause the angle of ~2° introduces an even smaller error. The projection of the normals into the abplane (= ( g f ) ) forms an angle of 61° with the «-axis. This value is in reasonable agreement with the single crystal EPR data (Fig. 4a) , if an experimental error in the adjustment of the crystal in the magnetic field of about 5° is taken into account. Neglecting again the deviation of ~2°, the plane of the C u -0(1) and C u-0(4) spacings of polyhedron 1 is oriented per pendicularly to the afr-plane. The two bonds are in clined to the c-axis by 57.2 and -32.0° at 298 K [4] , The corresponding bonds of the second polyhedron in the unit cell form the same angles with c, but with opposite signs. Exchange coupling between the (gt) and (gv)-components of the two magnetically inequi valent C u 0 6 polyhedra in this plane (canting angle 2y) is described by the equations [10, 6] : < g f ) = <g.v> cos2y + <gv> sin2y < gf> = <g.v> sin2y + <gv) cos2y
The experimentally observed molecular (gv) and (gv) values at 293 K together with the crystallographic angle y -33° reproduce exactly the ex perimental (g f) and (gix) tensor components (Table II) . Apparently the model adopted here is self-consistent. The molecular g-tensor at T < 120 K, calculated from eqs (3) with the same angle y and the observed gex-values, is: gv = 2.04s,gv = 2.126(g_, = g3X = 2.432).
The temperature dependence of the observed (g) and (gex) components is shown in Fig. 6 . It is evident from Table II , that (gv) and (g2) approach each other with the temperature increasing above 120 K, indicat ing a larger or^o-rhombicity at higher temperatures, while they remain unchanged between 4.2 K and = (Table I ). The most likely reason is (see Fig. 2 b) the occupation of excited vibronic levels which extend toward the second minimum, thus induc ing a larger deviation of the average 9 9 -angle from the tetragonal value 0°. The (gv) value exhibits only a small temperature variation (Table II) , again in ac cord with the available structural data (a,, Table I ).
The 298 K molecular g-values, which are directly visible in the Q-band powder spectra, are also very close to those calculated from the exchange-coupled (gex) tensor at X-band frequency by Hathaway et al. [5] 
B. The correlation o f the m olecular g-values with the Cu -O b o nd lengths
The temperature dependence of the molecular (g)-values may be rationalized as follows:
<g.v> = gv
In these equations (1-B) and B are the prob abilities for the longest spacings to extend along the C u-0(3) and Cu -0(4) bonds, respectively. The probability for a long C u-0(1) bond is extremely small, because the third minimum is too high in energy (Fig. 2b) to be thermally populated within the ac cessible temperature range up to 350 K. g; , gv and gv are the g-values, which characterize the low-temperature geometry of the "C u 0 6" polyhedron (static Jahn-Teller distortion), while ( g . -) , ( g v ) , (g .v ) a r e the corresponding (partly) dynamically averaged (g)-tensor components [9] . The model, reflected by eq. (4), is rather crude, however, because it neglects the ortho-x\\omb'\c host lattice symmetry component, which displaces the two lower minima of the poten tial suface (Fig. 2b) from the "tetragonal" angles 0 and 120°.
Equations similar to (4) can be formulated for the C u-O bond lengths:
Explicitly we obtain for the experimental g-values (Table II) and C u-O bond lengths (Table I) (Table I) within -0.01 Ä . Having the rather crude model in mind, the EPR and struc tural data are reproduced by about the same B-value of 0.28 (2) . Eqs (4, 4a) and (5, 5a) allow to eliminate B and to correlate the molecular g-tensor compo nents with the C u -O bond lengths. In Fig. 7 the variation of the Cu -O spacings with temperature, calculated from the g-values and calibrated by the 298 K and 125 K structural data, is visualized. The main feature is a continuous decrease of the T / K Fig. 7 . C u -O bond lengths for the diaquobis(methoxyacetato)-Cu(II) complex in dependence on temperature -calculated (eqs (4a), (5a)) from the g-values (x ) and calibrated by the 125 K and 298 K structur al data (□, Table I ).
C u-0(3) and increase of the Cu -0(4) bond length. Table II and Fig. 6, 7 visualize, that an averaging process between the molecular g, and gv-values, which are directly correlated with the Cu -0(3) and C u -0(4) spacings, occurs with increasing tempera ture. This behaviour is characteristic for a dynamic Jahn-Teller effect, which is essentially restricted to two dimensions. We have named this behaviour, which is due to the thermal population of only two of the three minima in the warped ground state poten tial surface of octahedral Cu2+, "planar dynamic" [6, 12] , Fig. 7 is expected to predict the Cu -O bond lengths in the considered temperature range within an error limit of <0.02 Ä.
A similar correlation between EPR and structural data has been established for the bis(triazacyclononane)Cu(II) complex [11] . The transition from the static to the dynamic Jahn-Teller distortion with in creasing temperature occurs with a strain component [0S = 0 in eq. (1)], which lowers one of the three minima with respect to the other two. It was not possible, though, even in this less complex case, to account for the temperature dependence of the EPR and structure data quantitatively by a Boltzmann dis tribution over the three minima. A rigorous treat ment should take into account the vibronic levels of the ground state potential surface explicitly [8] , Inde pendent of a specific model, however, the EPR data in dependence on temperature give unambigous evi dence that a continuous change of the g-values and hence of the bond lengths occurs above -120 K.
C. The interpretation of the low-temperature g-tensor
The polarized electronic single crystal spectra of Bis(methoxyacetato)diaquo-Cu(II) at 298 K and 77 K were measured by Hathaway et al. [5] , Their interpretation was based on the vibronic selection rules in D 2h symmetry and lead to the alternative assignments A and B. If we adopt the following assignment of the observed transitions at 298 (77) K, which is similar to B , a consistent interpretation of the molecular g-tensor at < 120 K is possible: In contrast to ref. [5] , where a 2A g ground state with d,: character was anticipated, the low-tempera ture molecular g-tensor clearly demands a ground state of mainly dv:_v: character, however. If one uses eq. (6), but with the inclusion of third order orbital contributions [6] : g.t = go + 4ur -2ur (cosy -V^sinq?) gv = go + 4uv -2uv (cos cp + VJsin(j9) g. = go + 4u2 (1 + cos cp)
the low-temperature molecular g-tensor: g, = 2.432, gy = 2.126, gv = 2.04s (Table II) can be reproduced within the experimental error limit by setting cp = 13° and choosing covalency factors kt = kv = 0.86 and k; = 0.835 (LS-coupling parameter of the free Cu2+-ion: 830 cm-1; ZlEj: ligand field transition energies of eq, (6)). The magnitude of the k.-value is reasonable for oxygen ligator atoms in H 20 and acetato groups. The larger kr = kv-parameters reflect the decreased covalency along the longer and weaker bond to the methoxy ligand. The angle cp was already introduced above, and the distinct ortho-rhombic component in dicates, that the Cu -O bonds are strongly aniso tropic. It is surprising that the splitting of the excited :T2g level (octahedral notation), which reflects the difference in the .T-bonding of the three different Cu -O bonds, is very large with 5500 cm" 1. The ratio between the splitting of the a-antibonding :E g state (12800 cm-1) and this energy is only 2.3, and hence smaller than usually observed [6] . It indicates ap preciable 7r-contributions to the C u-O bonds.
Conclusions
Apparently the geometrical changes of the Cu2* polyhedra in diaquobis(methoxyacetato)-copper(II) in dependence on temperature are determined by the interplay of a steric host site effect and vibronic interactions of the Jahn-Teller type. A dynamic averaging process occurs with increasing tempera ture, which seems to be restricted to the plane span ned by C u-0(3) and C u-0(4) spacings (Fig. 1) . This process can be interpreted by a model with two minima, which differ slightly in energy, while the third is not significantly populated even at higher temperatures (Fig. 2b) . It was possible to directly correlate the copper-ligand bond lengths with the temperature dependent g-values by calibration with experimental spacings at two different temperatures.
